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Myceliophthora thermophila is a thermophilic fungus whose genome encodes a wide range of carbohy-
drate-active enzymes (CAZymes) involved in plant biomass degradation. Such enzymes have potential
applications in turning different kinds of lignocellulosic feedstock into sugar precursors for biofuels
and chemicals. The present study examined and compared the transcriptomes and exoproteomes of
M. thermophila during cultivation on different types of complex biomass to gain insight into how its
secreted enzymatic machinery varies with different sources of lignocellulose. In the transcriptome anal-
ysis three monocot (barley, oat, triticale) and three dicot (alfalfa, canola, ﬂax) plants were used whereas
in the proteome analysis additional substrates, i.e. wood and corn stover pulps, were included. A core set
of 59 genes encoding CAZymes was up-regulated in response to both monocot and dicot straws, including
nine polysaccharide monooxygenases and GH10, but not GH11, xylanases. Genes encoding additional
xylanolytic enzymes were up-regulated during growth on monocot straws, while genes encoding
additional pectinolytic enzymes were up-regulated in response to dicot biomass. Exoproteome analysis
was generally consistent with the conclusions drawn from transcriptome analysis, but additional
CAZymes that accumulated to high levels were identiﬁed. Despite the wide variety of biomass sources
tested some CAZy family members were not expressed under any condition. The results of this study
provide a comprehensive view from both transcriptome and exoproteome levels, of how M. thermophila
responds to a wide range of biomass sources using its genomic resources.
 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Plant cell wall, composed of lignocellulosic material, represents
an abundant renewable resource and is a raw material used in
many branches of industry such as paper, food, animal feed and
biofuel production (Minic and Jouanin, 2006; van den Brink and
de Vries, 2011). Processing of these materials for industrial applica-
tions can be realized by enzymes that are produced by lignocellul-
olytic microorganisms. As lignocellulose is composed of the
structural polymers cellulose, hemicellulose, pectin, and lignin,
its efﬁcient deconstruction is a complex process requiring the syn-
ergistic action of multiple enzymes. Enzymes that break down
plant cell wall can be categorized by reaction type into the follow-
ing classes: glycoside hydrolases (GH), polysaccharide lyases (PL),
carbohydrate esterases (CE) and auxiliary activities (AA). Based
on structural similarity, each of these broad activities can be
divided into carbohydrate-active enzyme (CAZyme) families
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function in concert to degrade the different components of
lignocellulose.
Lignocellulose degradation in the terrestrial biosphere is mostly
performed by ﬁlamentous fungi and they are the main source of
commercial enzymes for the degradation of plant-derived biomass
(Sanchez, 2009). An increasing number of genomes of lignocellulo-
lytic fungi from different habitats is being sequenced to prospect
the diversity of enzymes used to deconstruct plant cell wall; for
example, Phanerochaete chrysosporium (Martinez et al., 2004),
Trichoderma reesei (Martinez et al., 2008), Aspergillus niger
(Andersen et al., 2011; Pel et al., 2007), Thielavia terrestris and
Myceliophthora thermophila (Berka et al., 2011), and multiple
brown-rot and white-rot basidiomycetes (Floudas et al., 2012).
Using the genome sequence as a reference, transcriptome and exo-
proteome approaches have been used to examine the lignocellulo-
lytic enzymes produced by fungi when cultured in deﬁned
polysaccharides and in complex biomass (Berka et al., 2011; de
Souza et al., 2011; Eastwood et al., 2011; Martinez et al., 2009;
Tsang et al., 2009; Vanden Wymelenberg et al., 2009). These stud-
ies show that in response to homogeneous polysaccharides fungi
produce enzymes whose activities are best suited for their degra-
dation. For example, A. niger produces predominantly pectinases
in the presence of pectin and mannanases in the presence of man-
nan (Tsang et al., 2009). However, different fungi produce different
combinations of enzymes when exposed to complex biomass
(Berka et al., 2011; Eastwood et al., 2011; Martinez et al., 2009).
For example, in the presence of alfalfa straw T. terrestris up-
regulates cellulase genes while M. thermophila up-regulates
pectinase genes. In the presence of barley straw, both T. terrestris
and M. thermophila up-regulate genes encoding cellulases and
xylanases (Berka et al., 2011).
Thermophilic fungi are attractive to industry because they can
potentially be developed into platforms for the production of
chemicals and materials at elevated temperatures. Enzymes from
thermophilic fungi tend to be more thermostable than enzymes
from mesophilic fungi (Margaritis and Merchant, 1986).
M. thermophila, basionym Sporotrichum thermophile (Apinis,
1963), in particular has received substantial attention in the
discovery of lignocellulolytic enzymes. Cellulolytic activity from
M. thermophila has been shown to be many times higher than
enzymes from the most active mesophilic fungi (Berka et al.,
2011; Bhat and Maheshwari, 1987). This organism has been used
to identify novel lignocellulolytic activities; for example, extracel-
lular aldonolactonase and glucuronyl esterase (Beeson et al., 2011;
Topakas et al., 2010). A cellulase from M. thermophila has been
shown to be effective in the liquefaction of agricultural straw
(Karnaouri et al., 2014). Laccase from this organism has been used
to delignify plant-derived biomass (Rico et al., 2014). Furthermore,
M. thermophila has been developed into a platform for industrial
enzyme production (Visser et al., 2011). Along with T. terrestris,
M. thermophila is the ﬁrst ﬁlamentous fungus with a ﬁnished
genome (Berka et al., 2011). Sequence analysis revealed that
M. thermophila possesses a large repertoire of genes encoding
lignocellulolytic enzymes. Like other species in the Chaetomiaceae
family, M. thermophila harbours an expanded family of genes
encoding polysaccharide monooxygenases, 23 genes compared to
three genes in T. reesei (Berka et al., 2011).
Combined transcriptome and exoproteome approaches have
been used to study fungal deconstruction of plant-derived biomass
(Berka et al., 2011; Eastwood et al., 2011; Martinez et al., 2009;
Vanden Wymelenberg et al., 2009; Vanden Wymelenberg et al.,
2010). In these studies, transcriptome analyses were used to eval-
uate quantitatively the regulation of biomass-degrading enzymes
while exoproteome analyses were mainly conﬁned to the
identiﬁcation of extracellular proteins. We have previously usedgenome-wide transcriptome and exoproteome approaches to
examine the utilization of barley and alfalfa straws (Berka et al.,
2011). A wide variety of lignocellulosic biomass is expected to be
used to fuel future industry. To gain insights into the combinations
of enzymes needed to effectively deconstruct lignocellulosic bio-
mass, in this study we have expanded the transcriptome analysis
to agricultural straws from canola, ﬂax, oat and triticale. We have
examined the exoproteomes ofM. thermophila grown in these sub-
strates as well as in pretreated corn stover, hardwood and soft-
wood pulps. We attempt to integrate transcriptome data and
exoproteome results generated by mass spectrometry-based
semi-quantitative proteomics analysis. Since the molecular func-
tion of many of the genes that are differentially regulated under
these culture conditions are not known or poorly characterized,
we focus our analysis on the CAZymes.
2. Materials and methods
2.1. Data source
Genomic sequence and functional annotation information were
obtained from M. thermophila Annotation version v2.0 (http://
www.jgi.doe.gov) and as described (Berka et al., 2011). In some
cases, additional analysis was carried out by comparison with
characterized lignocellulose-active enzymes catalogued in the
Mycoclap database (Murphy et al., 2011).
2.2. Cultivation of M. thermophila and sample preparation
Conidial suspensions were prepared by growing M. thermophila
on yeast-starch agar [YpSs; 0.4% yeast extract, 1.5% soluble starch,
0.1% K2HPO4, 0.05% MgSO4, 1.5% agar, pH 7.0] for 5 days at 45 C in
the dark. Spores were collected using 0.02% Tween 80/0.5% saline
solution and counted using a hemacytometer.
To culture in liquid suspensions, conidia at 106 spores/mL were
inoculated in 10 TDM (Roy and Archibald, 1993) containing 2%
carbon source and incubated at 45 Cwith shaking at 150 rpm. Agri-
cultural straws were gifts from Agriculture and Agri-Food Canada
(Saskatoon, Saskatchewan and Lethbridge, Alberta), softwood and
hardwood pulps from FPInnovations (Pointe-Claire, Québec), and
pretreated corn stover from the National Renewable Energy Labora-
tory (Golden, Colorado). The straws were ground to 0.5 mm before
use. For transcriptome analysis, mycelia were harvested after
16–24 h of growth by ﬁltering through Miracloth (Calbiochem, San
Diego, CA, USA), ground in liquid nitrogen, and total RNA was
extractedwith Trizol (Invitrogen) as described (Semova et al., 2006).
To obtain extracellular proteins for the substrates comparison
experiment, mycelia were cultured as described above but grown
without shaking to minimize cell lysis and the subsequent release
of intracellular proteins into the extracellular medium. Samples
were collected at late growth phase, which corresponds to 40 h
of growth for all samples with exceptions for PCS and SWMPwhich
were harvested at 46 and 64 h respectively. Mycelia were removed
by centrifugation at 2500g for 30 min at 4 C and further clariﬁed
by centrifugation at 37,500g for 1 h at 4 C. For the time course
experiment, mycelia were grown, starting from conidia, for 20 h
in 2% fructose and washed with water through Miracloth. One
gram of mycelia was transferred to a 500-ml Erlenmeyer ﬂask con-
taining 50 ml of media containing 1% of carbon source and grown
with shaking at 250 rpm. Samples were taken 4 h, 8 h, 24 h and
48 h after transfer for preparation of extracellular proteins.
2.3. Transcriptome analysis
The transcriptome data fromM. thermophila cultured in glucose,
barley straw and alfalfa straw used for comparative analysis was
Fig. 1. Principal component analysis (PCA) of transcriptome data. The mRNA-Seq
reads of M. thermophila grown on glucose and straws from barley, oat, triticale,
alfalfa, canola and ﬂax were analyzed by DEseq. Each point in the graph represents a
biological sample.
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scriptomes, sequencing was performed using the RNA-Seq method
of Illumina’s Solexa IG at the McGill University-Génome Québec
Innovation Centre. The RNA-Seq reads, 50 nucleotides in length,
were mapped and analyzed as described (Berka et al., 2011). FPKM
(Fragments Per Kilobase of transcript per Million mapped reads)
values were calculated from the counts using the transcript
lengths and the total number of mapped reads from each sample.
Transcriptome data for all substrates are presented in the
Supplementary Table S1 and have been submitted to the NCBI
Gene Expression Omnibus database (accession ID GSE57235).
Differentially expressed genes between substrates were identi-
ﬁed using the DESeq package from Bioconductor (Anders and
Huber, 2010). The PCA plot and the volcano plots were constructed
using R programming language.
2.4. Exoproteome analysis by mass spectrometry
2.4.1. Protein digestion
Protein concentration was determined using the RCDC assay kit
(BioRad, Mississauga, Ontario). Five micrograms of protein were
incubated in 100 mM ammonium bicarbonate, 0.25% AALS II
(Protea Biosciences, Morgantown, WV) and 5 mM dithiothreitol
for 30 min, followed by the addition of iodoacetamide to a ﬁnal
concentration of 25 mM, and incubated for an additional 30 min
at 37 C. Then, 200 ng of trypsin was added to each sample and
the reaction mixture, totaling 70 ll, was incubated for 18 h at
37 C. The digestion solutions were acidiﬁed with triﬂuoroacetic
acid (1% ﬁnal concentration), then put through two rounds of
desalting using C18 ziptips™ (Millipore, Billerica, MA). Eluted pep-
tides were dried in a SpeedVac and resuspended in a 60-ll solution
containing 5% acetonitrile (ACN), 0.1% formic acid (FA) and 4 fmol/ll
of predigested Bovine Serum Albumin (Michrom, Auburn, CA) used
as an internal standard.
2.4.2. LC–MS/MS analysis
Five microlitres of peptide digest were loaded onto a
15 cm  75 lm (internal diameter) PicoFrit column (New
Objective, Woburn, MA) packed with Jupiter 5 lm, 300 Å, C18 resin
(Phenomemex, Torrance, CA) connected in-line with a Velos LTQ-
Orbitrap mass spectrometer (Thermo-Fisher, San Jose, CA). Peptide
separation was done using a linear gradient generated by an Easy-
LC II Nano-HPLC system (Thermo-Fisher) using a mixture of sol-
vent A (3% ACN:0.1% FA) and solvent B (99.9% ACN:0.1%FA). The
gradient started at 1% B, was set to reach 27% B in 85 min, ramped
to 52% B in 15 min, 90% B in 5 min, then held at 90% for 5 min. Mass
spectrometric survey scan spanning the 350–2000 m/z range was
done at a resolution of 60,000. The top 10 doubly, triply or quadru-
ply charged ions with intensity higher than 5000 counts were con-
sidered candidates to undergo collision-induced dissociation MS/
MS fragmentation in the LTQ-Velos ion trap. Selected ions were
put in a dynamic exclusion list for 20 s and reacquired again if they
were still detected within a 40 s window.
2.4.3. Data processing
Raw mass spectrometric data were processed for peaklist gen-
eration using Mascot Distiller version 2.4 (Matrixscience, Boston,
MA). The peaklist data was searched against the JGI database con-
taining 9110 protein entries using Mascot version 2.4 followed by
X!Tandem CYCLONE version 2010.12.01.1 (Proteome Software,
Portland, OR) on the subset of identiﬁed proteins. Mascot and
X!Tandem searches were done using a fragment ion mass toler-
ance of 0.80 Da and a parent ion tolerance of 10.0 ppm. Iodoaceta-
mide derivative of cysteine was speciﬁed in Mascot and X!Tandem
as a ﬁxed modiﬁcation. Dehydration of the N-terminus, loss of
ammonia of the N-terminus, deamidation of asparagine andglutamine, methylation of aspartic acid, glutamic acid and the
C-terminus and oxidation of methionine were speciﬁed in
X!Tandem as variable modiﬁcations. Oxidation of methionine
was speciﬁed in Mascot as a variable modiﬁcation. Scaffold (ver-
sion Scaffold_4.1.1, Proteome Software Inc., Portland, OR) was used
to validate MS/MS based peptide and protein identiﬁcations. Local
false discovery rates of 1% at the peptide and protein level were
used as identiﬁcation conﬁdence cutoffs. Proteins identiﬁed with
a minimum of two unique peptides were considered in the analy-
sis. Proteins that contained similar peptides and could not be
differentiated based on MS/MS analysis alone were grouped to sat-
isfy the principles of parsimony (Nesvizhskii et al., 2003).
Protein quantitation analyses were performed using the
Scaffold reported value for the averaged Total Ion Chromatogram
(TIC) value of the top three peptides assigned to each protein.
These values were normalized using the values calculated for the
BSA internal standard. Normalized TIC values for all substrates
are included in the Supplementary Table S2. For each substrate
three biological replicates were tested and TIC values were
averaged.
To evaluate the quantity of secreted CAZyme proteins in the
exoproteome, two approaches were taken. Total Ion Chromato-
gram values of proteins of interest were either summed up for each
substrate or the TIC in the proteins of interest was calculated as a
percentage of TIC in the whole exoproteome.3. Results
3.1. Straws from monocot and dicot plants elicit distinct transcriptome
proﬁles
To examine expression of genes encoding proteins involved in
biomass degradation, transcriptome proﬁles of M. thermophila
grown on agricultural straws or glucose (Supplementary
Table S1) were compared using DESeq (Anders and Huber, 2010).
Principal component analysis (PCA) was employed to obtain an
overview of the similarities and dissimilarities in gene expression
among the substrates used. The PCA plot shows three distinct clus-
ters: one for straws derived from monocots (barley, oat and triti-
cale); one for straws from dicots (alfalfa, canola and ﬂax); and
one for glucose (Fig. 1). These results indicate that transcriptome
proﬁles of the three monocot substrates and of three dicot sub-
strates are more similar within each group than between groups.
Results from the PCA prompted us to treat the transcriptomes of
M. thermophila grown in monocot straws as a group and those
grown in dicot straws as a separate group. We compared these
two groups independently with the M. thermophila transcriptome
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plots of the results of the comparative analysis where y
axis = log10 p-value and x axis = log2 fold change. Differentially
expressed genes were identiﬁed using a Bonferroni adjusted
p-value cutoff of <5.5E06 (family-wise error rate of 5%/total num-
ber of genes)(Chen et al., 2010). This subset of genes corresponded
to a log2 fold change of <2.7 or >2.7 and are highlighted in red.
Compared to the glucose condition, the monocot straws stimulated
the up-regulation of 192 genes, of which 94 encode CAZymes;
whereas the dicot straws stimulated the up-regulation of 183
genes, of which 89 encode CAZymes. There is considerable overlap
between the two sets of up-regulated genes. When compared to
each other, 33 genes (22 encoding CAZymes) are up-regulated in
the monocots condition and 47 genes (14 encoding CAZymes) are
up-regulated in the dicots condition. Table 1 shows the FPKM
values of the up-regulated, CAZymes-encoding genes. The list in
Table 1 is divided into three groups based on the results of
DESeq analysis (Fig. 2): (i) 59 genes encoding CAZymes that areFig. 2. Differential gene expression displayed by growth on glucose and agricultural
straws. In the statistical analysis of differential gene expression, the transcriptomes
derived from growth on monocot straws – barley, oat and triticale – were treated as
one group whereas those derived from dicot straws – alfalfa, canola and ﬂax – were
treated as a separate group. (A) Monocots condition vs. glucose, (B) dicots condition
vs. glucose, and (C) monocots condition vs. dicots condition. Each point in the graph
represents a gene. The differentially expressed genes are indicated in red. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)up-regulated in both the monocots and dicots conditions; (ii) 22
genes encoding CAZymes that are up-regulated in the monocots
condition as compared to the dicots condition; and (iii) 14 genes
encoding CAZymes that are up-regulated in the dicots condition
as compared to the monocots condition.
The CAZymes-encoding genes that are up-regulated in all com-
plex substrates as compared to the glucose condition include many
cellulolytic enzymes: nine AA9 monooxygenases, four GH1 and
GH3 b-glucosidases, four GH6 and GH7 proteins, and two GH5
and GH45 endoglucanases. Included in this group of genes that
are up-regulated in both monocots and dicots conditions are two
GH10 xylanases, one acetylxylan esterase, two mannanases and
seven GH43 proteins. Although six genes encoding predicted pec-
tinolytic enzymes (PL1, PL3, PL4 and PL20 proteins) are considered
to be up-regulated in the complex substrates, the levels of the tran-
scripts are generally higher in the dicots condition than in the
monocots condition (Table 1).
For the 22 CAZymes-encoding genes up-regulated in monocot
samples (Table 1), nine encode enzymes primarily involved in
xylan breakdown (ﬁve GH11 xylanases, one GH62 arabinofuranos-
idase, one CE1 feruloyl esterase and two CE5 acetylxylan ester-
ases), and seven encode cellulolytic enzymes (three AA9, two
GH7, one GH6 and one GH12). Of the 14 genes up-regulated in
response to growth on dicot biomass (Table 1), half encode
enzymes involved in pectinolysis: two pectin lyases, two pectin
methyl esterases, one GH28 exo-polygalacturonase, and two
CE12 rhamnogalacturonan acetylesterases.
3.2. Accumulation of CAZymes in the extracellular media
Filamentous fungi produce extracellular enzymes to degrade
complex substrates for nutrients. To corroborate the changes in
CAZymes gene expression observed in growth on agricultural
straws, we examined the exoproteome by mass spectrometry
(Supplementary Table S2). We used total normalized ion proﬁle
to quantify the levels of extracellular proteins. The enzyme prod-
ucts of the up-regulated CAZyme genes were shown to accumulate
to substantially higher levels in the straw conditions as compared
to the glucose condition. In general, the relative levels in CAZymes
accumulation in the extracellular media reﬂect the changes in the
expression of their encoding genes under different culture condi-
tions. For example, the GH11 xylanases accumulate to higher levels
in the monocot straws condition than the dicot straws condition
(Table 1). There are, however, notable exceptions to this trend.
Hence, the pectinolytic enzymes, e.g. GH28 (JGI: 55717) and PL1
proteins (JGI: 90594 and 52463), in the alfalfa straw condition
are detected in the same or lower level than those in the monocot
straws condition while their transcript levels on alfalfa straw are
ten times or higher than on monocot straws (Table 1).
3.3. Time course exoproteome analysis
Quantitative differences between the transcriptome and the
exoproteome proﬁles may in part be an artifact because the RNA
extracted for transcriptome analysis was sampled at early growth
phase while the proteins were sampled during the late growth
phase. To examine the accumulation of extracellular protein over
time under different substrates, we cultured the mycelia on fruc-
tose, then transferred the washed mycelia to media containing
substrates. We chose alfalfa and barley straws for this experiment
as they represent substrates with diverse compositions (Mohnen,
2008; Ridley et al., 2001) and because the alfalfa straw condition
displays major differences in the accumulation of transcripts and
proteins. Relative quantity was estimated by combining the TIC
of members of selected CAZyme classes. For cellulolytic enzymes,
we included CAZy families cellobiose dehydrogenase, AA9, GH6,
Table 1
Levels of transcripts and extracellular proteins of genes encoding CAZymes that are differentially expressed when M. thermophila was grown in monocot and dicot straws.
ID Description Transcript level (FPKM) Total normalized ion proﬁle (TIC)
Glucose Barley Oat Triticale Alfalfa Canola Flax Glucose Barley Oat Triticale Alfalfa Canola Flax
CAZymes up-regulated in both monocots and dicots conditions
111388 CBM1 cellobiose dehydrogenase 2.0 598.9 806.8 498.1 740.4 266.9 119.2 15.2 116.2 71.3 24.6 9.9 79.4
79765 AA9 polysaccharide monooxygenase 5.0 448.7 472.9 534.8 96.1 60.3 132.2 2.5 8.1 7.0 1.3 0.4 2.8
111088 AA9-CBM1 polysaccharide monooxygenase 4.2 254.2 569.6 352.0 484.8 158.4 161.5 1.6 16.3 10.6 12.1 1.7 12.8
80312 AA9-CBM1 polysaccharide monooxygenase 0.8 116.6 305.9 157.5 329.6 112.9 35.4 9.7 31.5 21.1 6.2 9.8 21.4
46583 AA9-CBM1 polysaccharide monooxygenase 1.2 291.7 373.1 307.8 731.5 351.5 139.5 1.1 20.7 72.4 42.8 29.8 42.1 59.2
103537 AA9 polysaccharide monooxygenase 0.2 223.3 231.2 264.6 39.9 65.9 59.5 8.2 9.0 14.6 2.0 2.2 7.9
110651 AA9-CBM1 polysaccharide monooxygenase 0.8 1567.6 2192.7 1967.3 1430.3 548.1 450.1 11.3 39.8 31.3 11.4 11.0 45.8
100518 AA9 polysaccharide monooxygenase 0.0 193.1 255.1 259.3 179.3 117.2 186.5 11.7 35.0 38.1 24.3 5.7 38.3
112089 AA9 polysaccharide monooxygenase 0.1 2054.8 1943.4 1452.7 1954.8 1004.9 379.8 4.0 18.9 14.6 13.0 2.0 32.4
98122 AA9 polysaccharide monooxygenase 0.5 176.2 148.9 126.6 393.9 193.9 122.1 0.2 2.1 0.6 5.0
80233 CE1 acetylxylan esterase 0.7 122.5 120.4 121.4 23.0 22.4 22.5 0.6 25.0 56.0 67.1 23.8 8.6 44.0
40885 CE16 protein 2.5 150.6 167.8 192.3 32.6 43.5 63.0 0.7 5.5 6.7 5.9 1.7 0.8 2.4
84133 CE17 protein 0.9 114.0 104.6 98.3 162.3 91.6 68.2 0.1 5.1 13.1 9.4 8.1 8.2 23.2
115968a GH1 b-glucosidase 9.9 172.4 182.2 159.0 165.9 98.3 90.6
116553 GH10 xylanase 5.4 164.8 272.9 161.3 108.6 101.1 55.7 1.5 43.9 27.8 26.7 25.1 8.1 14.3
112050 GH10-CBM1 xylanase 1.1 789.1 1053.6 773.1 289.2 245.5 158.9 1.8 13.4 94.9 73.5 25.2 17.8 144.2
2308362 GH115 protein 3.9 33.5 95.7 36.3 89.0 69.2 28.3 2.5 5.1 2.6 0.5 2.6 1.3
112399 CBM1-containing protein 2.5 342.5 264.6 225.9 149.8 64.0 42.4 2.0 2.7 31.0 10.0 9.8 2.9 23.3
48804 GH16 protein 0.7 68.6 83.9 86.2 74.3 57.6 16.1 0.1 0.2 0.4
90182 GH16 protein 0.3 41.7 35.2 25.6 47.3 24.6 14.1 0.4 6.2 10.2 9.1 8.2 10.8 10.9
94536 GH18-CBM50-CBM18 chitinase 0.6 29.5 33.1 24.9 27.2 47.4 68.8
113450 GH18-CBM50 chitinase 1.5 235.8 242.5 163.2 53.2 108.5 218.1 0.7 4.0 4.9 2.3 0.4 2.2 3.6
54601 GH2 exo-glucosaminidase 1.8 4.5 24.8 16.1 24.9 18.4 24.6 0.1 5.6 5.7 3.7 0.2 1.3 1.4
40111 GH2 b-galactosidase 0.6 66.0 165.6 71.9 246.5 147.5 20.0 8.6 12.0 6.8 8.5 31.5 9.5
99077 GH26-CBM35 protein 0.4 10.4 35.0 13.3 149.2 74.6 65.4 8.4 19.5 17.5 10.5 15.3 77.1
66804 GH3 b-glucosidase 2.1 10.2 32.9 13.1 94.5 40.0 18.0 7.4 12.3 12.0 4.9 10.5 6.7
62925a GH3 b-glucosidase 0.2 6.5 23.4 6.4 31.8 10.9 24.7
58882 GH3 b-glucosidase 0.3 18.1 73.9 23.7 148.1 57.1 10.4 3.0 7.3 3.7 2.1 13.0 4.3
2301720 GH30 protein 0.1 13.2 70.9 20.4 282.1 143.3 78.6 0.8 11.3 37.4 31.2 18.4 26.8 76.2
104674a GH31 protein 0.3 19.3 53.1 20.0 167.2 92.4 21.3
50820 GH43-CBM35 protein 9.8 96.6 128.6 98.3 415.7 323.7 91.6 3.5 18.2 40.0 31.1 21.9 52.0 55.9
2064169 GH43 protein 0.6 8.7 15.1 9.4 6.2 7.9 13.7
2306666 GH43 protein 5.8 55.1 128.0 128.1 457.2 301.0 65.3 21.9 55.4 31.5 7.4 65.8 76.5
2301869 GH43 protein 0.1 4.0 19.4 11.8 24.0 19.6 4.9 13.2 18.9 16.3 5.2 9.6 10.6
103032 GH43 arabinan endo-1,5-a-L-arabinosidase 1.2 120.4 120.3 107.8 212.9 213.4 33.5 0.4 13.3 27.2 24.3 10.7 33.8 46.2
2305738 GH43 protein 0.4 81.7 100.2 106.8 188.0 193.5 25.5 14.2 24.9 22.6 16.2 52.4 37.1
2303298 GH43 protein 0.3 35.3 157.3 56.6 172.2 136.0 17.5 60.3 131.2 108.4 31.8 130.8 62.6
76901 GH45 endoglucanase 3.7 124.6 239.5 140.9 187.6 103.3 122.0
86753 GH5-CBM1 endoglucanase 10.0 765.0 1095.4 723.6 820.3 459.7 507.5 152.3 14.4 196.6 104.9 115.0 20.9 261.1
84297 GH5 mannanase 0.4 67.0 99.0 154.8 105.5 75.5 57.3 1.3 6.8 5.2 30.6 9.9 45.6
43163 GH53 endo-1,4-b-galactanase 2.4 85.5 142.4 131.0 280.3 275.3 91.5 1.8 6.3 23.0 16.4 8.6 38.0 47.0
2303045 GH6 protein 2.8 297.1 604.1 242.2 391.8 131.7 120.7 4.5 17.6 9.3 5.4 1.7 8.5
66729 GH6-CBM1 cellobiohydrolase 2.4 1715.0 1466.2 1128.7 914.5 507.9 409.9 8.0 26.0 327.3 227.8 95.4 52.6 253.6
98003 GH62-CBM1 arabinofuranosidase 0.3 834.6 1926.2 875.3 719.7 348.8 126.0 1.4 16.9 106.8 59.8 21.6 13.6 46.8
96141 GH67 protein 3.6 29.0 82.8 38.2 127.5 84.6 20.3 0.03 14.4 33.0 31.7 10.8 19.6 19.2
109566 GH7-CBM1 cellobiohydrolase 3.7 1347.5 2567.0 1322.7 2138.0 896.0 433.6 2.8 63.5 129.2 80.8 120.0 70.5 168.2
111372 GH7-CBM1 endoglucanase 0.2 144.6 414.2 156.5 394.5 264.6 73.1 0.2 1.6 11.7 5.7 2.6 1.0 7.9
116384 GH74 oligoxyloglucanase 2.4 23.0 60.1 23.9 333.4 175.4 68.4 5.5 23.6 95.1 75.9 52.4 57.1 182.7
104827 GH93 exo-a-L-1,5-arabinanase 5.6 84.7 117.8 68.0 95.0 63.6 9.5 70.3 55.4 47.2 35.8 46.6 25.3
101972 GH95 protein 0.0 3.4 17.5 6.9 42.7 28.4 5.4 6.6 17.8 15.5 1.6 6.4 20.9
97932 PL1 protein 1.2 23.3 39.6 26.4 152.5 222.1 43.4 0.9 2.7 1.9 26.7 17.9
52332 PL1 protein 0.8 20.2 40.7 24.3 40.6 29.1 2.8 2.7 5.9 3.4 2.1 8.6 5.2
14
M
.A
.K
olbusz
et
al./Fungal
G
enetics
and
Biology
72
(2014)
10–
20
71204 PL1 protein 2.1 82.5 139.4 129.2 551.8 459.5 151.1 6.6 8.7 5.1 3.3 12.4 4.2
52469 PL20 protein 3.4 182.0 166.4 260.3 92.1 177.6 49.6 1.3 2.3 11.9 1.8 3.1 4.5
102322 PL3 protein 0.4 520.8 563.6 585.9 5803.4 2470.0 558.7 10.7 36.8 52.5 23.3 70.8 237.9 197.6
51766 PL4 protein 4.2 69.2 93.7 56.0 377.6 308.4 93.9 1.9 16.4 41.4 28.7 34.5 48.5 66.8
37844 CBM18-containing protein 0.0 22.5 68.5 46.9 8.1 9.6 40.7
2307810a CBM50-containing protein 0.5 8.1 7.7 9.0 4.6 7.1 7.9
33936 CBM1-containing protein 0.4 992.0 539.2 672.3 303.5 147.2 67.5 1.8 1.9 32.7 12.1 7.8 2.2 25.9
CAZymes up-regulated in the monocots condition as compared to the dicots condition
85556 AA9 polysaccharide monooxygenase 1.5 3605.0 3481.1 3526.7 154.8 170.7 212.3 2.2 8.2 9.8 0.1 1.5
92668 AA9 polysaccharide monooxygenase 0.0 220.0 158.6 151.5 8.5 21.4 8.6 0.5 0.2 0.3
2311323 AA9 polysaccharide monooxygenase 0.0 7.4 7.1 5.3 0.3 0.9 0.6
39279 CE1 protein 1.7 518.1 1209.7 595.6 4.2 1.6 2.5 45.2 84.5 42.0 1.6 5.4 1.7
96478 CE1 feruloyl esterase 0.1 319.2 230.7 197.3 8.0 22.3 6.1 7.3 9.9 7.4 0.8 1.1 3.0
43727 CE3 protein 0.6 219.5 282.4 205.6 4.7 7.5 1.3 4.9 2.9 1.6
53698 CE3 protein 0.0 31.0 37.9 42.3 4.2 9.8 2.6 0.5 1.8 0.5 0.5
2066457 CE5-CBM1 acetylxylan esterase 0.4 1058.2 865.3 934.0 17.4 69.4 20.4 10.4 36.8 37.9 4.1 0.5 25.4
49700 CE5 acetylxylan esterase 0.2 19.1 21.3 41.1 0.6 2.0 1.8
49824 GH11 xylanase 1.2 4008.4 2720.0 3656.2 33.6 74.1 23.4 0.2 12.1 52.7 40.2 0.5 2.0 29.3
99786 GH11 xylanase 0.0 69.7 48.3 31.5 1.8 3.3 1.5 1.8 1.7 2.7 0.1 0.3
89603 GH11 xylanase 2.4 2059.0 2184.5 1989.5 116.1 188.1 109.0 0.1 63.6 292.0 283.5 16.4 13.5 84.1
56237 GH11 xylanase 2.4 108.9 76.5 97.0 6.7 7.4 4.0 11.0 0.7
100068 GH11-CBM1 protein 0.2 645.8 1791.0 801.8 77.0 109.0 50.0 5.8 56.2 35.9 0.2 0.3 30.8
109444 GH12 endoglucanase 32.5 3708.4 3177.6 4042.9 191.4 291.5 108.7 5.4 103.6 133.9 145.6 40.9 35.2 29.5
51545 GH6 cellobiohydrolase 2.5 37.5 65.8 30.8 3.2 8.0 3.1
55982 GH62 arabinofuranosidase 3.8 1511.8 1364.2 989.6 80.1 58.8 12.0 2.5 64.0 94.2 74.7 23.9 21.8 32.7
42937 GH7 cellobiohydrolase 1.7 62.6 54.2 33.7 4.1 4.7 4.5
97137 GH7 cellobiohydrolase 0.3 150.7 256.7 230.6 18.0 58.1 33.4 4.4 5.1 5.8 0.1 1.2 3.1
54058 GH93 exo-a-L-1,5-arabinanase 0.0 949.9 887.8 748.9 32.4 23.8 4.3 8.5 16.7 8.4 6.6 10.9 11.2
101354a CBM1-containing protein 0.0 10.8 40.0 16.2 2.1 3.8 4.5
2310276 CBM18-containing protein 0.6 8.0 15.0 12.3 0.1 0.7 2.0
CAZymes up-regulated in the dicots condition as compared to the monocots condition
98480 CE12 rhamnogalacturonan acetylesterase 0 4.7 5.3 1.4 248.8 80.6 18.2 7.7 9.8 5.0 10.1 53.1 39.3
2019397 CE12 protein 0.4 0.2 2.3 0.8 71.4 48.0 3.7 2.9 7.0 3.4 3.1 36.9 24.7
39035 CE8 pectin methyl esterase 0.3 1.8 5.1 1.1 197.7 105.1 10.1 1.1 7.5 15.4 10.0 9.4 71.0 46.8
40891 CE8 protein 0 2.3 3.4 1.7 51.5 74.3 9.3
52160a GH105 protein 4.6 1.9 6.7 2.6 257.1 123.0 30.7
2307767 GH2 b-galactosidase 2.3 4.8 19.7 7.1 179.8 100.7 29.4 14.4 32.9 24.9 7.1 54.1 92.2
2094324a GH2 b-galactosidase 2.4 0.8 3.1 1.3 27.0 16.6 11.5
55717 GH28 protein 0 64.7 189.5 97.4 1870.2 1801.5 261.5 0.1 4.6 10.5 6.1 4.9 45.7 39.1
2059579 GH3 b-glucosidase 3.8 2.3 7.9 3.3 42.5 42.9 23.6 2.1 2.1 0.2 0.8
52064a GH31 protein 0.9 1.4 4.4 1.8 43.0 24.4 6.9
52514 GH5 b-1,6-galactanase 1.0 1.4 4.8 2.3 60.9 45.1 16.7
2308415 GH79 protein 0.4 2.5 9.3 3.6 169.2 157.4 22.4 4.9 12.5 8.1 2.2 47.7 30.0
90594 PL1 protein 0.6 16.5 21.5 20.2 633.7 516.5 101.6 1.2 4.8 4.1 2.8 13.6 16.3
52463 PL1 protein 0.7 95.0 101.5 64.0 1697.0 968.7 148.6 1.2 4.0 29.3 15.8 8.0 50.6 112.1
a Proteins with no secretory signal peptide predicted. Blank cells indicate no proteins detected.
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Fig. 3. Time course of CAZymes accumulation in response to growth on complex
substrates. Mycelia were cultured in fructose, washed, and transferred to media
containing fructose (h), barley straw (), and alfalfa straw (). Accumulation of
cellulolytic enzymes (A), xylanolytic enzymes (B), pectin-degrading enzymes (C),
and mannanases (D) was investigated over the course of 48 h. For this analysis,
cellulolytic enzymes include cellobiose dehydrogenase, families AA9, GH6, GH7,
GH12 and GH74; xylanolytic enzymes CE1, CE5, GH10, GH11 and GH67; pectin-
olytic enzymes PL1, PL3, PL4, PL20, CE8, CE12, GH28; and mannanases include GH5
and GH26. Quantity of each enzyme class is presented as the sum of normalized ion
proﬁles.
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GH67, CE1 and CE5; pectin-degrading enzyme families comprised
PL1, PL3, PL4, PL20, GH28, CE8 and CE12; and mannan-degrading
enzymes were from GH5 and GH26. The quantity of secreted
enzymes was estimated after 4, 8, 24 and 48 h of exposure to the
different substrates. Negligible levels of the polysaccharide-
degrading enzymes were detected when exposed to fructose. The
combined TIC of secreted cellulolytic and xylanolytic enzymes
show similar patterns, peaking at 4 h on alfalfa straw vs. 8 h on
barley straw. There is a rapid decrease of cellulases in the alfalfa
straw condition at 8 h and subsequent time points which is not
observed in the barley straw condition. The combined TIC for
xylanases is similar in both cultures at 4 h, but subsequently
decreases about 3-fold for alfalfa straw and increases about 2.5-
fold at 8 h for barley straw, followed by a slow decrease. Together,
these results suggest the potential for a higher level of cellulose
degradation initially for the alfalfa straw culture, and more sus-
tained xylanolysis over a prolonged period of time during growth
on barley straw.
Time courses for the combined TIC of pectin- and mannan-
degrading enzymes are also shown in Fig. 3. Pectinase levels are
essentially the same in both barley straw and fructose cultures,
but elevated in alfalfa straw. A large increase in pectin-degrading
enzymes is evident between 24 and 48 h, suggesting that, in alfalfa
straw, pectin degradation follows an initial burst of cellulose and
xylan degradation. On the other hand, in alfalfa straw, mannanase
levels show the opposite pattern and are high in the initial 8 h of
cultivation, decreasing over the next 16 h down to the low levels
observed throughout culturing with barley straw and fructose.
Thus, mannan degradation in alfalfa straw may be concomitant
with cellulose and xylan degradation.
3.4. Accumulation of CAZymes degrading untreated and processed
biomass
Only part of the M. thermophila CAZymes repertoire shows
differential expression when cultured in agricultural straws. To
determine whether processed lignocellulose and woody biomass
would elicit an expanded set of CAZymes, we compared the exo-
proteomes of growth on straws, pretreated corn stover (PCS), soft-
wood Kraft (SWKP) and mechanical (SWMP) pulps, and hardwood
Kraft (HWKP) and mechanical (HWMP) pulps. While there are
quantitative differences in speciﬁc CAZymes among the different
growth conditions, we did not observe additional up-regulation
of CAZymes in the exoproteomes (Supplementary Table S2). One
GH43 protein (JGI: 2072383) and one GH7 endoglucanase (JGI:
116157) are overproduced in pulp substrates in comparison to
straws. Though they were not included in the set of differentially
regulated genes, based on statistical analysis of the transcriptomes,
the levels of these proteins are higher in all the lignocellulosic sub-
strates than in the glucose condition.
To estimate the degradative potential of the exoproteome, we
considered the full set of secreted proteins detected by mass spec-
trometry, and selected speciﬁc CAZyme families, as in Section 3.3,
to represent enzymes that break down cellulose, xylan, pectin and
mannan. The quantity of these enzyme classes, as estimated from
the combined TIC, is presented as a percentage of the total exopro-
teome (Fig. 4).
In the exoproteome of M. thermophila grown on monocot and
dicot straws, the relative levels of cellulose-degrading enzymes
varied from 12% to 22%, so the difference between monocots and
dicots is minimal (Fig. 4). The Kraft pulps also induced similar lev-
els of cellulases. Interestingly, higher levels of cellulase were
detected during growth on mechanical pulps and pretreated corn
stover. Xylanolytic enzymes were detected in the exoproteome in
higher quantities (10–15%) in monocot samples, than in dicotsamples (3–8%) and in wood pulps (3–9%). Pectinolytic enzymes
were 3–4% of the total for monocots, and 5–21% for dicot samples,
although alfalfa was at the low end of the scale and comparable to
monocot levels. Among pulps the highest content of pectin-
degrading enzymes in the exoproteome was detected in SWMP
(10%). Mannan-degrading enzymes comprised a minority percent-
age of the exoproteome and the quantity varied between 0.4% to
3.3% in barley and SWMP respectively. Dicot plants induced higher
production of mannanases in comparison to monocots. In the
monocot samples the percentage of mannanases in the exoprote-
ome was around 0.5%, whereas in dicots varied between 0.9% in
canola up to 2.5% in ﬂax. Softwood pulps, both mechanical and
Kraft, elicited the highest secretion of mannanases, with 2.3% and
1.5% of the exoproteome, respectively (Fig. 4).
Pretreated corn stover is commonly used as a source of lignocel-
lulose. As is shown in Fig. 4, the exoproteome is mainly cellulases
together with xylanases and very little in the way of pectin and
mannan degrading enzymes.
Fig. 4. Comparison of the exoproteomes of M. thermophila grown on different
complex substrates. The CAZyme families included in the different enzyme classes
are the same as those described in the legend to Fig. 3. The levels, based on total
normalized ion proﬁles, of cellulolytic enzymes (A), xylanolytic enzymes (B),
pectinolytic enzymes (C), and mannanases (D) are presented as a percentage of the
total exoproteome.
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Lignocellulolytic fungi typically harbour 150–300 genes encod-
ing enzymes for the deconstruction of plant-derived biomass.
Enzymes with seemingly the same biochemical activity can be
encoded by multiple genes in a genome. For example, most
white-rot fungi possess ten or more genes encoding AA9 monoox-
ygenases per genome (Floudas et al., 2012). Moreover, the compo-
sition and organization of lignocellulose vary with the origin of the
plant cell wall. Based on genome analysis alone, it is not possible to
discern the appropriate enzymes that are employed for the efﬁ-
cient deconstruction of plant cell wall material from differentsources. In utilizing complex substrates as nutrient, fungi up-
regulate genes encoding speciﬁc enzymes for the targeted decon-
struction of the available substrates (de Vries, 2003; Glass et al.,
2013; MacDonald et al., 2012). Therefore the prime motivation
for conducting genome-wide transcriptome analysis of fungi culti-
vated in different lignocellulosic substrates is to uncover the genes
involved in their degradation. Since the deconstruction of complex
substrates by fungi occurs in the extracellular region, genome-
wide exoproteome analysis provides a complementary approach
to transcriptome analysis in identifying the enzyme mixtures used
by fungi in the degradation of lignocellulose. Prevailing wisdom
suggests that results from these studies would lead to an enhanced
understanding of the regulation of biomass-degrading enzymes in
fungi, as well as provide references for the design of enzyme mix-
tures for the efﬁcient hydrolysis of lignocellulosic substrates.
Transcriptomic and exoproteomic approaches have been
deployed to examine the deconstruction of plant-derived biomass
by fungi including Phanerochaete chrysopsorium (Manavalan et al.,
2011; Ray et al., 2012; Vanden Wymelenberg et al., 2009, 2010),
P. carnosa (MacDonald et al., 2011; Macdonald and Master,
2012), Postia placenta (Martinez et al., 2009; Vanden
Wymelenberg et al., 2011, 2010), Serpula lacrymans (Eastwood
et al., 2011), M. thermophile (Berka et al., 2011), T. terrestris
(Berka et al., 2011), A. niger (de Souza et al., 2011), A. nidulans
(Saykhedkar et al., 2012), T. reesei (Hakkinen et al., 2012; Ries
et al., 2013), T. harzianum (Horta et al., 2014), Ganoderma lucidum
(Manavalan et al., 2012), and Ustilago maydis (Couturier et al.,
2012). The substrates examined in these studies include forest res-
idues, agricultural straws, sugarcane bagasse, sorghum and pre-
treated lignocellulosic substrates. The general conclusion from
these studies is that a subset of genes encoding CAZymes with pre-
dicted cellulolytic, hemicellulolytic and pectinolytic enzyme activ-
ities is up-regulated when the fungi were exposed to
lignocellulosic substrates. Major differences in the regulation of
CAZyme genes are found in the basidiomycetes species. The
white-rot fungus P. chrysosporium up-regulate genes encoding cel-
lulases, AA9 monooxygenases, hemicellulases and peroxidases fol-
lowing exposure to woody biomass (MacDonald et al., 2011;
Vanden Wymelenberg et al., 2011, 2009, 2010). Brown-rot basidi-
omycetes possess few genes encoding cellulases and AA9 monoox-
ygenases (Floudas et al., 2012). In response to lignocellulose, in
addition to hemicellulase genes the brown-rot fungi up-regulate
oxidoreductase genes that are compatible with an extracellular
Fenton system for cellulose deconstruction (Eastwood et al.,
2011; Martinez et al., 2009; Vanden Wymelenberg et al., 2011,
2010). Fewer differences are observed in the ascomycetes. A simi-
lar repertoire of CAZyme genes is up-regulated by A. niger and T.
reesei in response to wheat straw (Ries et al., 2013). Barley straw
also stimulates the up-regulation of a similar set of CAZyme genes
in T. terrestris and M. thermophila (Berka et al., 2011). However,
alfalfa straw elicits the up-regulation of genes encoding cellulases
and xylanases in T. terrestris but cellulases and pectinases in M.
thermophila (Berka et al., 2011). The transcriptome analysis
reported here conﬁrms and extends the previous ﬁndings. The
principal component analysis of the transcriptome data clustered
the straw conditions into two groups, straws from monocot plants
fall into one group and straw from dicot plants fall into the second.
For statistical analysis we treated the monocot straw conditions as
one group, the dicot straw conditions as a separate group, and
compared them with the glucose conditions. This simplistic
approach allowed us to identify the genes involved in lignocellu-
lose degradation as well as salient variations in the pattern of gene
expression among the straw conditions. In response to the six agri-
cultural straws, genes encoding cellulose-active enzymes including
cellobiose dehydrogenase, AA9 monooxygenases and GH7 proteins
as well as GH10 xylanases are up-regulated as compared to the
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identiﬁed in the core set is the enzyme recently identiﬁed as being
involved in straw liquefaction (Karnaouri et al., 2014). Straws from
monocot plants (barley, oat and triticale) and dicot plants (alfalfa,
canola and ﬂax) elicit distinct patterns of gene expression with
respect to the degradation of hemicellulose and pectin. In response
to monocot straws, genes encoding GH11 xylanases, GH12 endo-
glucanase, GH62 arabinofuranosidase and CE5 acetylxylan esterase
are signiﬁcantly up-regulated as compared to dicot straws. In con-
trast, dicot straws stimulate the up-regulation of genes encoding
pectinolytic enzymes (Table 1). Straws from monocot plants can
contain up to 2–10% of pectin whereas straws from dicot plants
contain up to 30% of pectin (Mohnen, 2008; Ridley et al., 2001).
Therefore the CAZyme genes up-regulated correspond well with
the composition of the substrate used for culture M. thermophila.
Since the major part of complex biomass degradation occurs in
the extracellular region of fungi, exoproteome analysis using mass
spectrometry could provide a direct assessment of the quantity of
individual enzymes involved in lignocellulose deconstruction.
However, with the method used in this study and most other stud-
ies, quantiﬁcation is relative. Since trypsin was used to digest pro-
teins prior to analysis, the number of tryptic peptides available for
mass spectrometric identiﬁcation is inﬂuenced by the distribution
and number of tryptic sites on the proteins. Small proteins such as
GH11 xylanase, GH12 endoglucanase and AA9 monooxygenase
may also be under-estimated as they are likely to generate fewer
tryptic peptides of suitable size for mass spectrometric analysis.
In addition, enzymes that bind tightly to the substrate will be
unavailable for identiﬁcation. For these reasons, most studies on
exoproteomes of fungi focus on identiﬁcation of proteins instead
of quantiﬁcation (Berka et al., 2011; Couturier et al., 2012; Do
Vale et al., 2012; Eastwood et al., 2011; Martinez et al., 2009;
Vanden Wymelenberg et al., 2009, 2010). Quantitative proteomics
based on spectral counts (Saykhedkar et al., 2012) and iTRAQ (Adav
et al., 2010; Manavalan et al., 2011) have been used to examine the
exoproteomes of fungi during cultivation with plant-derived bio-
mass. In this study, we used total normalized ion proﬁles to eval-
uate the relative quantity of extracellular proteins and compared
them with the transcript levels for six straw conditions and the
glucose condition. For most proteins the relative quantity of the
proteins correlates with the transcript level but there are also
many exceptions. The outliers include for example the GH28 pro-
tein (JGI: 55717) where high transcript level in the alfalfa condition
is not matched by correspondingly high protein level. The discrep-
ancies may be the result of differential turn-over rates for the tran-
scripts and proteins.
The production of CAZymes following exposure to lignocellu-
lose can be subjected to temporal regulation. Time course analysis
transcriptome (Hakkinen et al., 2012) and exoproteome
(Saykhedkar et al., 2012) following exposure to lignocellulosic sub-
strates shows time-dependent differences in the accumulation of
CAZyme transcripts and extracellular CAZymes. We examined the
accumulation of extracellular proteins after exposure to barley
and alfalfa straw (Fig. 3). The results obtained suggest that follow-
ing exposure to lignocellulosic substrates,M. thermophila produces
cellulolytic and hemicellulolytic enzymes before pectinolytic
enzymes. The temporal differences in turnover and accumulation
of CAZymes may contribute to the discrepancy between the tran-
scriptome and exoproteome results.
Agricultural straws elicit the expression of only a subset of
CAZymes. For example, of the 23 genes encoding AA9 monooxyge-
nases in the M. thermophila genome only 12 are differentially
expressed (Table 1; Supplementary Table S1). We expanded the
exoproteome analysis to include forestry residues as well as pre-
treated substrates (Supplementary Table S2), but were unable to
observe additional up-regulation of CAZymes. It is unclear whythe other CAZymes involved in biomass degradation remain silent
following exposure to this broad spectrum of substrates. It is pos-
sible that these cryptic CAZymes are expressed at different temper-
ature or pH environment, or that they have evolved different
functions. Also since we cultured the fungus for up to 48 h, we can-
not exclude the possibility that longer cultivation time would
result in expression and secretion of some or all of the cryptic
CAZymes. It should be noted however that prolonged cultivation
leads to the increased production of proteases and degradation of
extracellular proteins (unpublished data).
The differential regulation of some CAZymes cannot easily be
explained by differences in substrate composition. While the
GH10 xylanases are up-regulated in all complex substrates, GH11
xylanases are up-regulated at a much higher level in the monocots
condition than in the dicots condition. Similarly, the GH12 endo-
glucanase and two AA9 monooxygenases (JGI: 85556 and 92668)
display signiﬁcantly higher up-regulation in monocots condition
than in dicots condition (Table 1). These results may suggest that
while cellulose and xylan are dominant components in all straws
they may be organized differently in dicot plants as compared to
monocot plants. Previously, it has been suggested that GH10 and
GH11 proteins exhibit substrate speciﬁcity with GH10 proteins
displaying higher afﬁnity for short xylooligosaccharides (Biely
et al., 1997). None of the fungal GH12 proteins characterized so
far possesses a cellulose-binding domain (Murphy et al., 2011).
The absence of a cellulose-binding domain had prompted the sug-
gestion that GH12 endoglucanases are involved in the hydrolysis of
amorphous cellulose but not crystalline cellulose (Henriksson
et al., 1999). In spite of the available data reported here and in
the literature, it is still unclear to what extent that the organization
and composition of polysaccharides in plant-derived biomass can
be predicted by examining the pattern of CAZymes expressed by
fungi during the utilization of lignocellulosic substrates.
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